Introduction
Aromatic compounds are widespread in nature and fulfill widely varied functions in biochemistry. The structural polymer lignin comprises about 30% of plant material and is the second most important polymer in nature after cellulose (Adler 1977) . Lignin derives its importance in wood and ligninaceous grasses by its structural rigidity, which is due to its three-dimensional organization and provides wood its desired mechanical strength and stability against microbial attack for decades and even centuries. Mono-and oligonuclear aromatic compounds are important constituents of plant tissue, where they act as plant protectants that are either toxic to invading micro-organisms or polymerize upon exposure to air through radical-catalyzed polymerization reactions, to act as a wound seal. Aromatic amino acids add structural elements to the tertiary structure of proteins. In numerous coenzymes aromatic residues increase and define the reactivity of prosthetic groups in specific activation reactions and maintenance of reactive transition states. Quinones and flavins act as electron transfer components in various electron transfer reactions. Among the approx. 800,000 organic compounds known in 1987, about 30% were of aromatic nature (Franck and Stadelhofer 1987) . Synthetic aromatic compounds being are produced in increasing numbers and are finding wide applications to confined or noncontrolled environments. Despite their often unusual structure only few of these compounds appear to cause environmental problems due to incomplete degradation. Micro-organisms, especially bacteria, are responsible for most of these degradation processes and have developed an impressive adaptative capacity for degrading synthetic compounds, even those which show only little resemblance to preexisting templates among natural com-pounds. This phenomenon is even more striking considering that several of these compounds have been produced only for the past 30-50 years but have challenged the evolution of degradative pathways with an broad array of new such pathways. Due to the ready availability of oxygen in the atmosphere and in most of the biosphere, including plant and animals surfaces, soil and most of our water bodies, the microbial degradation of aromatic compounds is carried out mostly by aerobic bacteria and fungi which can employ molecular oxygen for substrate activation in oxygenase reactions. The great variety of aromatic substances are transformed by (such) mono-and dioxygenases to a few key intermediates by the introduction of hydroxy groups and the removal of certain substituents (channeling reactions). The most prominent intermediates are catechol, protocatechuate, and gentisate, which are subject to ring cleavage in a further oxygenase-dependent step, either between or vicinal to the hydroxy groups of the aromatic ring (Dagley 1971; Schlegel 1992) . Thus an unsaturated, open-chain carboxylic acid is formed which undergoes further degradation, typically to an acetyl and a succinyl derivative. Each oxygenase reaction is highly exergonic, releasing about 300 kJ/mol reaction (equivalent to 4 or 5 ATP units) as heat, which is the price for the exploitation of a comparably stable group of substrates as energy and carbon source. In all cases of aerobic breakdown of aromatic compounds the primary attack and ring-cleavage step are oxidative reactions of this kind.
Anaerobic Breakdown of Aromatic Compounds
Anoxic environments develop where organic matter is degraded through microbial activity, and oxygen has only limited access, for example, in sediments of lakes and oceans, in anoxic hypolimnetic water bodies, and inside the digestive tract of higher animals (Schink 1988 (Schink , 1989 . The obvious indispensability of molecular oxygen for aerobic breakdown of aromatics obscured for several decades the possibility of an alternative, oxygen-independent breakdown of these compounds. Although the complete degradation of benzoate, several phenols, and lignin monomers to methane and carbon dioxide under strictly anoxic conditions had been demonstrated as early as the 1930s (Tarvin and Buswell 1934) , several textbooks neglected these studies until the 1980s, when the earlier experiments were repeated under strictly controlled conditions Young 1978, 1979) . Principally during the 1980s anaerobic breakdown of several mononuclear aromatics was documented in detail, leading to the identification of three key intermediates by which mononuclear aromatic compounds are channeled, i.e., benzoyl-CoA, resorcinol, and phloroglucinol (Evans and Fuchs 1988; Fuchs et al. 1994; Heider and Fuchs 1997; Schink et al. 1992) . The common feature of the three pathways is that the aromatic nucleus is destabilized via a reductive rather than an oxidative attack. The benzoyl-CoA pathway appears to be the most important one because a broad variety of compounds enter this path, including phenol, various hydroxybenzoates, phenylacetate, aniline, certain cresols and even the hydrocarbon toluene (Harwood et al. 1999; Heider and Fuchs 1997; Schink et al. 1992) . Benzoyl-CoA is formed either through a variety of channeling reactions (e.g., removal of substituents such as hydroxy groups) which are carried out at the CoA-ester level or directly from benzoate and HSCoA in an AMP-releasing ligase reaction. Once benzoyl-CoA is formed, the stability of the aromatic ring structure is overcome by a reductive step, as shown with the nitrate-reducing bacterium Thauera aromatica. Two single electrons and protons are introduced, probably through a radical intermediate, to form cyclohexadiene carboxyl-CoA as first identifiable product (Boll and Fuchs 1995; Koch et al. 1993) . Since the reduction in the benzene ring to a cyclohexadiene derivative is an endergonic reaction with its physiological electron donor ferredoxin (E 0 'p-450 mV; Boll and Fuchs 1998) , it requires the investment of energy in the form of ATP. The present concept is that 2 ATP are hydrolyzed to ADPcP i , probably one with each electron introduced (Boll et al. 1997) . Thus the benzoyl-CoA pathway as described here involves a rather high energy input for substrate-activation and dearomatization. Nitrate-reducing bacteria can recover this energy investment through the further breakdown of the C7-dicarboxylic acid derivative produced upon ring cleavage, via b-oxidation to three acetyl-CoA residues which are finally oxidized in the citric acid cycle. There is some evidence that the phototrophic bacterium Rhodopseudomonas palustris reduces benzoyl-CoA further to cyclohexene carboxyl-CoA, either directly or in two subsequent reduction steps (Harwood et al. 1999 ). Fermenting and sulfate-reducing bacteria can recover only little energy in the further breakdown of the open-chain intermediate and appear to generate a reaction for benzoyl-CoA dearomatization that introduces four electrons and protons into the ring structure, leading directly to the cyclohexene carboxyl derivative (Harwood et al. 1999; Schöcke and Schink 1999) . This reduction is exergonic with, for example, NAD(P)H electrons and could thus be catalyzed without a net investment of ATP. However, knowledge on the biochemistry of this new reaction is still fragmentary. Resorcinol and phloroglucinol both carry hydroxy groups in meta position to each other, which allows tautomerization to the enol form. This generates an isolated double bond which can be easily reduced. Further details of these reactions are provided below. One of the most exciting discoveries in the field was the observation that aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylenes (BTEX) can also be completely degraded in the absence of molecular oxygen (Altenschmidt and Fuchs 1991; Beller et al. 1996; Dolfing et al. 1990; Lovley et al. 1995; Rabus and Widdel 1995; Rabus et al. 1993; Schocher et al. 1991; Seyfried et al. 1994) . Among the numerous aromatic hydrocarbons tested, toluene was degraded the fastest. It is activated by addition to fumarate, probably through a radical intermediate, to form benzylsuccinate (Beller and Spormann 1997a,b; Biegert et al. 1996; Heider et al. 1999) . Benzylsuccinate releases succinyl-CoA through b-oxidation, leading again to benzoyl-CoA as key intermediate. Degradation of ethylbenzene under nitrate-reducing conditions is initiated by hydroxylation of the alkyl side-chain to 1-phenylethanol which is metabolized further again to benzoylCoA (Ball et al. 1996; Rabus and Heider 1998) . Pure cultures are also available degrading o-and m-xylene under sulfate-or nitrate reducing conditions (Harms et al. 1999 ); a sulfate-reducing pure culture degrading naphthalene has recently also been described , which opens the field of polycyclic aromatic hydrocarbon degradation to biochemical investigation. The following overview concentrates on the anaerobic microbial degradation of phenols, some of which appear to enter the benzoyl-CoA pathway while others take different pathways that are independent of CoA-activation. Recent studies have shown that there is even more diversity in anaerobic aromatic degradation than has been previously been thought.
Anaerobic Degradation of Phenol and Monohydroxybenzoates
Anaerobic degradation of phenol has been studied most intensively with the nitrate-reducing bacterium T. aromatica (Tschech and Fuchs 1989) . The reaction can be followed in vitro with phenylphosphate as substrate, which is carboxylated to 4-hydroxybenzoate and then further degraded (see below). This finding, together with the observation of isotope exchange between phenylphosphate and free phenol, indicates that phenylphosphate is really the substrate of the carboxylation reaction; however, the phosphate donor for phenol phosphorylation is still unknown Fuchs 1992, 1994) . Whether sulfate-reducing or fermenting bacteria cooperating with methanogenic partners use the same pathway for phenol degradation remains still to be examined. An H/D-exchange at the carbon atom 4 of phenol by cell suspensions of a methanogenic phenol-degrading enrichment culture indicates that these cultures also activate phenol through a carboxylation reaction at this position (Gallert et al. 1991) . Whether these bacteria also activate phenol for carboxylation by a primary phosphorylation remains unknowns. The overall energy budget of fermentative phenol degradation is very tight and hardly allows a full ATP equivalent or even more to be spent in this carboxylation reaction. The biochemistry of phenol degradation by sulfatereducing bacteria has not yet been studied, but it is likely to proceed through the same pathway as in fermenting bacteria. 4-Hydroxybenzoate is an intermediate of phenol degradation and various other aromatic compounds. The anaerobic degradation has been well studied with T. aromatica and R. palustris. Degradation is initiated by CoA-thioesterification forming 4-hydroxybenzoyl-CoA through a ligase reaction (Biegert et al. 1993; Gibson et al. 1994) analogous to benzoyl-CoA formation from benzoate. 4-Hydroxybenzoyl-CoA is subsequently reductively dehydroxylated with ferredoxin as physiological electron donor (Breese and Fuchs 1998) to benzoyl-CoA by 4-hydroxybenzoyl-CoA reductase (Fig. 1) . The purified enzyme has been identified as a molybdenum-flavin-iron-sulfur protein and its genes sequenced from both organisms (Brackmann and Fuchs 1993; Breese and Fuchs 1998; Gibson et al. 1997 ). The hydroxy group of 4-hydroxybenzoylCoA can be removed through a radical mechanism facilitated by the thioester moiety (Buckel and Keese 1995; El Kasmi et al. 1995) . Little is known about degradation of 4-hydroxybenzoate by fermenting bacteria. In methanogenic enrichment cultures it is rapidly decarboxylated to phenol, which is slowly degraded further finally to methane and CO 2 (Tschech and Schink 1986 ). Decarboxylation to phenol occurs also in Clostridium hydroxybenzoicum; however, 4-hydroxybenzoate is only cometabolized during fermentation of amino acids and does not serve as a source of carbon or energy (Zhang and Wiegel 1994) . Thermodynamically the fermentation Fig. 1 . Initial steps in phenol degradation by the denitrifying bacterium Thauera aromatica. R represents an yet unknown phosphoryl group donor of 4-hydroxybenzoate to fatty acids is possible even in pure culture, as illustrated by 3-hydroxybenzoate (Brauman et al. 1998) . 3-Hydroxybenzoate is comparably stable and does not decarboxylate spontaneously. It had earlier been hypothesized that the hydroxy group is reductively eliminated to allow further degradation through the benzoyl-CoA pathway (Tschech and Schink 1986) , and experimental evidence of this reaction was obtained only recently with the newly isolated Sporotomaculum hydroxybenzoicum (Brauman et al. 1998) . Cell-free extracts of this bacterium catalyzed a reductive dehydroxylation of 3-hydroxybenzoylCoA with reduced cob(I)alamine as electron donor ( Fig. 2a ; Müller and Schink, submitted) . As with other cob(I)alamine-catalyzed reactions, the question remains of how reduction to the completely reduced state of this coenzyme is accomplished with an electron supply at a redox potential of -630 mV, far lower than that of any common organic or inorganic electron donor substrate. An entirely different strategy in anaerobic degradation of 3-hydroxybenzoate is used by a nitrate-reducing bacterium, strain BoNHB. This bacterium oxidizes 3-hydroxybenzoate to gentisate (2,5-dihydroxybenzoate), probably followed by further hydroxylation and decarboxylation forming hydroxyhydroquinone (HHQ; Fig. 2A ,B. Initial steps in anaerobic degradation of 3-hydroxybenzoate. A) Degradation via reductive dehydroxylation by Sporotomaculum hydroxybenzoicum. B) Degradation through hydroxylation by the nitrate-reducing strain BoNHB Fig. 2b ; Müller and Schink, in preparation) . The further fate of HHQ is discussed below. The third isomer, 2-hydroxybenzoate (salicylate), appears to be degraded in a similar manner as 4-hydroxybenzoate, involving CoA esterification and reductive dehydroxylation yielding benzoyl-CoA (Bonting and Fuchs 1996) . Nonetheless, direct reduction by benzoyl-CoA reductase to a nonaromatic hydroxy cyclohexadiene derivative may also occur (Bonting and Fuchs 1996) . Cresols (methylphenols) are anaerobically degraded by various pathways depending on the position of the hydroxy group. p-Cresol is hydroxylated at the methyl group by an oxygen-independent reaction, probably by a quinomethide intermediate, as suggested earlier for an aerobic Pseudomonas strain ( Fig. 3a; Hopper 1978) . The redox potential of this oxidation reaction is in the range of c100 mV (calculated after Thauer et al. 1977 ) and the reaction is therefore easy for a nitrate-reducing bacterium that couples this oxidation, for example, with the reduction in a c-type cytochrome at c232 mV (Hopper et al. 1991 ). Sulfate-reducing or fermenting bacteria, on the other hand, have difficulties in disposing of these electrons, and nothing is yet known about the biochemistry of p-cresol degradation under such conditions. o-Cresol can be carboxylated to 3-me- thyl-4-hydroxybenzoate and further degraded as such ( Fig. 3b ; Bisaillon et al. 1991; Rudolphi et al. 1991 ). An alternative pathway could lead through methyl group hydroxylation, analogous to that in pcresol, to form salicylic acid as an intermediate Suflita et al. 1989 ), but experimental evidence of such a pathway is still lacking. Enrichment cultures with sulfate and m-cresol suggest carboxylation as primary activation reaction (Ramanand and Suflita 1991; Roberts et al. 1990 ), but it has not been confirmed that the 4-hydroxy-2-methyl benzoic acid thus formed is really a degradation intermediate rather than a side product. The pathway of anaerobic m-cresol degradation has recently been elucidated with a pure culture of the sulfate-reducing bacterium Desulfobacterium cetonicum. This degradation follows a pathway analogous to anaerobic toluene degradation by nitrate-reducing bacteria (Müller et al. 1999) : the methyl group of m-cresol adds to fumarate to form 3-hydroxybenzyl succinate. Activation and b-oxidation lead to succinyl-CoA and 3-hydroxybenzoyl-CoA (Fig. 3c) . Thus the new type of methyl group addition to fumarate appears not to be restricted to the activation of aromatic hydrocarbons. Aniline is degraded anaerobically through a pathway analogous to that of phenol degradation. The initial activation occurs by carboxylation to 4-aminobenzoate which is subsequently activated to 4-aminobenzoyl-CoA which undergoes reductive deamination to benzoyl-CoA .
The initial carboxylation reaction has not yet been studied in cell-free extracts, and nothing is known about an activated intermediate to provide the carboxylation reaction with the necessary energy. A primary phosphorylation as in the case of nitrate-dependent phenol degradation (see above) appears unlikely, but no reliable biochemical studies have as yet been performed on this system.
Degradation of Divalent Phenols and Their Carboxylic Acids
Hydroquinone is degraded by sulfate-reducing and fermenting bacteria. The degradation pathway has been studied with a Desulfococcus strain (Gorny and Schink 1994a ) and a fermenting bacterium later described as Syntrophus gentianae (Gorny and Schink 1994b) . In both cases hydroquinone is first carboxylated to gentisate; again, this carboxylation has not been studied in cell-free extracts, and the energetization of this reaction is unknown. Gentisate is activated to gentisyl-CoA through a CoA-ligase reaction. In S. gentianae gentisyl-CoA is reductively dehydroxylated to benzoyl-CoA, which enters the modified benzoyl-CoA pathway (Fig. 4a) . The dehydroxylation of the two hydroxyl groups proceeds in a single step; no monohydroxylated intermediate has been detected or introduced into the reaction. The enzyme activity is membrane associated and may even help to conserve energy through a vectoral proton transport across the membrane. Gentisate is used by the fermenting bacterium accordingly and enters the described degradation pathway at a later stage. In the Desulfococcus strain gentisyl-CoA is not reduced to benzoyl-CoA but to some unknown products, perhaps due to a direct reduction of the benzene moiety. Degradation of catechol, a key intermediate of aerobic breakdown of aromatic compounds, is by far the slowest of the divalent phenols under anoxic conditions. The biochemistry of catechol catabolism has been studied only with a sulfate-reducing Desulfobacterium strain, which carboxylates catechol to protocatechuate (Gorny and Schink 1994c) . Protocatechuate is activated to form protocatechuyl-CoA which is subsequently dehydroxylated to benzoylCoA (Fig. 4b) . In vitro only the hydroxyl group in p-position is removed, but indirect evidence argues for complete dehydroxylation to benzoyl-CoA. Efforts to isolate nitrate-reducing or fermenting bacteria with catechol as substrate have so far failed.
Degradation of Resorcinol and Resorcylic Acids
An entirely different strategy is taken in the anaerobic degradation of resorcinol and its carboxylated derivatives. The two hydroxyl groups in resorcinol are in positions to allow tautomerization to an unsaturated cyclohexenedione derivative with an isolated double bond (Fig. 5a ). Cell-free extracts of a fermenting Clostridium strain convert resorcinol to dihydroresorcinol (Kluge et al. 1990; Tschech and Schink 1985) to form cyclohexanedione, which is further hydrolyzed to 5-oxohexanoate, probably by a nucleophilic attack on one of the carbonyl carbon atoms (Fig. 5a ). The resorcinol reductase of this bacterium consists of subunits of 49.5 kDa and contains flavin adenine dinucleotide, but iron sulfur centers have not been detected (Schüler 1997) . The resorcinol carboxylates b-and g-resorcylate are degraded by the same fermenting bacterium after decarboxylation to resorcinol. These decarboxylations are chemically easy because in these cases the carboxylic group is located in ortho-or para-position to hydroxyl groups. No resorcinol-reducing activity can be identified in cultures of nitrate-reducing bacteria growing with resorcinol as sole substrate (Gorny et al. 1992; Kluge et al. 1990 ). An unsaturated 5-oxohexenoic acid was detected in culture supernatants of these bacteria, which led us to posit that these bacteria open the resorcinol ring by direct hydrolysis, without preceding reduction (Gorny et al. 1992) . Only recently, however, we have found that resorcinol degradation by nitrate reducers uses an entirely different chemistry. Azoarcus anaerobius does not cleave the ring hydrolytically, but the resorcinol ring is destabilized by the introduction of a further hydroxyl group to form HHQ ( Fig. 5b ; Philipp and Schink 1998) . The enzyme activity involved is membranebound, and the hydroxylation can be coupled to nitrate reduction to nitrite or to reduction of other electron acceptors with an E 0 b higher than c100 mV. The hydroxylase itself has not yet been isolated but is likely to be a molybdo enzyme, analogous to many other oxygen-independent hydroxylases (Hille et al. 1999) . HHQ is oxidized to hydroxy- Fig. 5A ,B. Initial steps in anaerobic degradation of resorcinol and aresorcylate. A) Resorcinol degradation by a fermenting bacterium, Clostridium strain KN245. B) Degradation of resorcinol and a-resorcylate by nitrate-reducing bacteria benzoquinone in a further oxidation step. This enzyme is also membrane bound (Philipp and Schink 1998) . The further fate of hydroxybenzoquinone is still not entirely clear, but it should be prone to ring fission. In the presence of NADH plus nitrate, cellfree extracts of A. anaerobius convert hydroxybenzoquinone mainly to succinate and acetate and a number of other, yet unidentified products, indicating that the ring is cleaved to a two-carbon and a four-carbon moiety (Philipp and Schink, in preparation) . The new pathway of resorcinol degradation through hydroxylation to HHQ also opened a solution for anaerobic degradation of a-resorcylate (3,5-dihydroxybenzoate). This compound is very stable and cannot be easily decarboxylated. The nitrate-reducing bacterium T. aromatica strain AR-hydroxylates a-resorcylate to 3,5,6-trihydroxybenzoate, which is now easily decarboxylated to HHQ ( Fig. 5b ; Gallus and Schink 1998) . The latter is further degraded through hydroxybenzoquinone. Thus this T. aromatica strain harbors, next to the benzoyl-CoA pathway, a second, mechanistically distinct pathway for degradation of certain aromatic compounds. The expression of both pathways appears to be strictly regulated . The oxidation reaction of HHQ to hydroxybenzoquinone has a standard redox potential of c180 mV (Philipp and Schink 1998) which could explain why this strategy is followed only by nitrate-reducing bacteria and, as far as is known, not by sulfatereducing or fermenting bacteria.
Degradation of Trihydroxybenzenes and Trihydroxybenzoates
Among the three trihydroxybenzene isomers, pyrogallol and phloroglucinol are degraded quickly by fermenting bacteria and were the first aromatic compounds to be degraded by fermentation in pure culture (Schink and Pfennig 1982) . Phloroglucinol degradation has been studied in detail with Eubacterium oxidoreducens and Pelobacter acidigallici. Phloroglucinol is reduced by an NADPH-dependent reductase to dihydrophloroglucinol (Fig. 6; Haddock and Ferry 1989) , and the same strategy is followed by Holophaga foetida strain TMBS4 (Kreft and Schink 1993) . Hydrolytic ring cleavage leads to 3-hydroxy-5-oxohexanoic acid, which is thiolytically cleaved to three acetate residues . This pathway is easy to conceive because the 1,3,5-arrangement of the three hydroxyl groups on the aromatic ring allows tautomerization to 1,3,5-trioxocyclohexane to a certain degree, which favors a reductive attack on the oxocarbon groups. The second trihydroxybenzene isomer, pyrogallol, cannot be hydrolyzed or reduced directly but is isomerized to phloroglucinol through a transhydroxylation reaction (Fig. 6; Brune and Schink 1990; Krumholz and Bryant 1988) . The reaction requires 1,3,4,5-tetrahydroxybenzene as a cosubstrate, and the enzyme transfers a hydroxyl group from the tetrahydroxybenzene to pyrogallol, thus releasing phloroglucinol as product and the tetrahydroxybenzene as coproduct (Fig. 7; Brune and Schink 1990) . The transhydroxylase enzyme has recently been characterized in detail. It contains an iron-sulfur center and a molybdopterin cofactor which probably acts as hydroxyl group carrier by a valency change in the molybdenum metal Reichenbecher et al. 1994 Reichenbecher et al. , 1996 . The third trihydroxybenzene isomer, HHQ, is converted by the fermenting bacterium Pelobacter massiliensis to three acetate as well , indicating that this pathway also leads through phloroglucinol. The isomerization to phloroglucinol requires three subsequent transhydroxylation reactions analogous to the pyrogallol-phloroglucinol transhydroxylation, and indeed phloroglucinol is the final aromatic compound that is reduced and cleaved hydrolytically . In addition to this strategy of isomerization to phloroglucinol which is taken by all fermenting bacteria, we recently found alternative pathways of HHQ degradation with nitrate-reducing and sulfate-reducing bacteria. HHQ degradation by nitrate-reducing bacteria was discussed above in the context of nitratedependent resorcinol degradation (Philipp and Schink 1998) . The reaction leads, among others, to an acetate and a succinate residue, suggesting that the HHQ intermediate is cleaved between the carbon atoms 1 and 2 and 3 and 4 (Fig. 8a) . In the first step HHQ is destabilized by reduction to dihydro-HHQ (Fig. 8b) , and later acetate and an as yet unidentified 4-carbon derivative are formed ). Since D. inopinatus is unable to oxidize acetate, the final products are two acetate and two CO 2 , and 1 mol sulfate is reduced concomitantly to sulfide. Thus the strategies of energy metabolism by the three different metabolic types of anaerobic bacteria are mirrored in their metabolic products: the fermenting bacterium produces as much acetate as possible and recovers a net amount of 2 ATP/mol HHQ via phosphotransacetylase and acetate kinase, following two thiolytic cleavage reactions. The sulfate-reducer which cannot oxidize acetate produces 2 acetate and uses the additional electrons for sulfate reduction to gain some additional energy through sulfate respiration. The nitrate reducer gains most of its energy in the oxidation of acetyl residues and forms only CO 2 as terminal product. Among the various trihydroxybenzoates, gallate appears to be the most important one, due its occurrences in, for example, oak gall and as degradation product of lignin or tannine. It is rapidly decarboxylated to pyrogallol by fermenting bacteria such as E. oxidoreducens and P. acidigallici Krumholz and Bryant 1988) . Other trihydroxybenzoate isomers play a role also as intermediates in degradation of a-resorcylate and probably gentisate. As for gallate, decarboxylation is easily achieved yielding HHQ in both cases.
Conclusions
The present survey shows that the degradation of aromatic compounds by anaerobic bacteria does not always follow a single strategy for every substrate. Comparison of fermenting, sulfate-reducing, and nitrate-reducing bacteria illustrates that numerous strategies are possible in the absence of oxygen for the breakdown of aromatic compounds, and the strategy taken appears to depend largely on the energy situation of the organism involved and the redox potentials of the electron acceptors that it can use. In the case of the benzoyl-CoA pathway there are indications that fermenting bacteria and sulfate reducers use a variant of the pathway originally described for nitrate reducers that requires less energy for benzoyl-CoA dearomatization. This appears plausible from the point of view that especially the fermenting bacteria have very little energy available. An entirely new pathway was recently discovered, with HHQ as the central intermediate. Especially nitrate-reducing bacteria appear to use this pathway for substrate degradation, and several substrates such as resorcinol, a-resorcylate, 3-hydroxybenzoate, gentisate, and perhaps hydroquinone are channeled towards HHQ by hydroxylations and decarboxylations (Fig. 9) . The HHQ pathway thus gains great importance in the transformation of phenolic compounds by nitrate-reducing bacteria, which prefer this pathway to the parallel pathways used by fermenting or sulfate-reducing bacteria. The oxidative strategy by the recently discovered hydroxylations are clearly the preferred types of reactions used by nitrate-reducing bacteria which can easily dispose of the electrons released in these hydroxylation reactions. Sulfate-reducing and fermenting bacteria, on the other hand, avoid such steps and try to convert a substrate by isomerizations, carboxylations, and reductive modifications to intermediates that can be degraded without such difficult oxidation steps. No studies have yet been carried out on the pathways used for the degradation of aromatic compounds by iron reducers. The redox potential of their main electron acceptor [Fe (OH 3 )/ Fe 2c pc100 mV; Widdel et al. 1993 ] is between that used by the sulfate-reducers (SO 4 2-/ HS -p-270 mV) and that of the first step in nitrate reduction (NO 3 -/NO 2 -, c430 mV) and they may choose between the different pathways from case to case. Thus, beyond the mere availability of molecular oxygen, the redox potential of the electron-accepting system in anaerobic breakdown of aromatic compounds also determines the biochemical strategy that is applied for the breakdown of aromatic compounds. The biochemical diversity among anaerobic bacteria is therefore proving even greater than previously thought, as shown in this case by the pathways of anaerobic breakdown of aromatics.
